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Catalytic mechanismOxygen reduction by cytochrome ba3 oxidase from Thermus thermophiluswas studied by stopped-ﬂow and mi-
crosecond freeze-hyperquenching analyzedwith UV-Vis and EPR spectroscopy. In the initial phase, the low-spin
heme b560 is rapidly and almost completely oxidized (kobs N 33,000 s
−1) whereas CuA remains nearly fully re-
duced. The internal equilibrium between CuA and heme b560 with forward and reverse rate constants of
4621 s−1 and 3466 s−1, respectively, indicates a ~7.5 mV lower midpoint potential for CuA compared to heme
b560. The formation of the oxidized enzyme is relatively slow (693 s
−1). In contrast to the Paracoccus denitriﬁcans
cytochrome aa3 oxidase, where in the last phase of the oxidative half cycle a radical from the strictly conserved
Trp272 is formed, no radical is formed in the cytochrome ba3 oxidase. Mutation of the Trp229, the cytochrome
ba3 oxidase homologue to the Trp272, did not abolish the activity, again in contrast to the Paracoccus cytochrome
aa3 oxidase. Differences in the proton pumpingmechanisms of Type A and Type B oxidases are discussed in view
of the proposed role of the strictly conserved tryptophan residue in the mechanism of redox-linked proton
pumping in Type A oxidases. In spite of the differences between the Type A and Type B oxidases, we conclude
that protonation of the proton-loading site constitutes the major rate-limiting step in both catalytic cycles.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Cytochrome ba3 oxidase is amembrane-bound heme-copper oxidase
that catalyzes the reduction of molecular oxygen to water, accompanied
by proton pumping. In Thermus thermophilus, electrons are donated to
cytochrome ba3 oxidase one-by-one by cytochrome c552 [1] that docks
at the positive side of the membrane, while the protons are taken up
from the negative side of the membrane, resulting in the formation of a
proton electrochemical gradient. The electrons are transferred from
CuA at the docking site via the low-spin heme b to the high-spin heme
a3-CuB binuclear center. When the fully (four-electron) reduced enzyme
is exposed to oxygen at neutral pH, the electron transfer reactions fol-
lowing binding of oxygen depicted in Scheme 1 are observed [2–4]:
The rates of the reactions are estimated at ka = 100,000 s−1, kb =
200,000 s−1, kc = 18,000 s−1 and kd = 1000 s−1, with [O2] = 90 μM
for the reaction at ambient temperature (20 °C–25 °C) [2,3]. These
rates were observed in time-resolved spectroscopic studies using
photolabile O2 carriers in the absence of CO. In contrast, the rate of COing site; RLS, rate-limiting step;
second freeze-hyperquenching;
r; PES, phenazine ethosulphate.dissociation has been shown to limit the rate of oxygen binding dramat-
ically in ﬂow-ﬂash studies on cytochrome ba3 oxidase [2,3], as a result of
which the kinetics of oxygen binding and O—O bond breaking are usu-
ally not resolved [4–7] although they apparently were in [8].
In pulse radiolysis experiments of cytochrome ba3 oxidase where
the reductive half-cycle is studied through single-electron injection,
electron transfer from CuA to heme b560 indicated an approximately
16 mV lower midpoint potential of heme b560 compared to that of
CuA. Because the midpoint potentials of CuA, heme b560 and heme a3
are rather similar, the ﬁrst electron taken up by the oxidized enzyme
distributes over at least three redox active groups (CuA, heme b560 and
heme a3) [9]. In studies of the oxidative half-cycle, the low-spin heme
b560 is transiently rereduced in PII (PR′) [2,8].
In addition to the enzymatic O2 reduction, cytochrome ba3 oxidase is
capable of proton pumping, that is, the translocation of protons that do
not take part in the reduction of O2 to H2O. The stoichiometry of proton
pumping by cytochrome ba3 oxidase is lower than that of Type A CcOs
(~0.5 H+/e instead of 1 H+/e) [4,10,11]. The basis for this difference
has been proposed to be due to the different timing of electron and pro-
ton transfer events between the two enzymes [10], or because of the
lowered proton uptake activity of the proton pathway in cytochrome
ba3 oxidase [12–14] or to differences in the intramolecular electron
transfer vs. Type A CcOs [10,15–17]. A proton gating mechanism
is required to prevent the leaking back of protons towards the
Scheme1. R is the four-electron reduced enzyme that bindsO2 and A the oxygenated complex inwhichO2 is bound to heme a3. PI(PR), PII (PR′) reﬂect the various heme a3 oxo-ferryl states
(see also text below and Fig. 5 including protonation states of the various states) and ﬁnally OH, the oxidized pulsed activated enzyme.
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(kinetic) gating mechanisms are proposed, some of which include an
important role for an amino acid residue at the end of the proton
conducting D-pathway (E278, for example, in bacterial aa3 CcOs)
[18–20] while other mechanisms are based on the unidirectionality of
the chemistry of proton transfer. In Paracoccus denitriﬁcans CcO, a tryp-
tophan neutral radical from the conserved W272 is formed during the
reaction that was studied by freeze-quench/EPR [20] and this redox ac-
tiveW272was proposed to act as an unidirectional redox-linked proton
pump in the F toOH transition ([21,22]; see Fig. 5); in B. taurusCcOheme
a and the mitochondrially conserved Asp51 direct proton translocation
through the H-channel [23,24]. A recent study suggests that all CcOs
maximally pump 1 H+/e but that the Type B and C oxidases, which
only possess a single K-proton transfer pathway, are more susceptible
to proton back-leak depending on the experimental conditions (high
proton-motive force), because they lack theD-protonpathway character-
istic of TypeA oxidases [25]. However, the stoichiometry of ~0.5H+/ehas
been found at low proton-motive force, and has been rationalized in
terms of the mechanism of the cytochrome ba3 oxidase [4,10,15].
Thiswork describes studies of the early reaction steps of reduced cy-
tochrome ba3 oxidase with oxygen by means of rapid kinetics and EPR
spectroscopy. Our results are discussed in the light of current mecha-
nisms of electron transfer and proton transfer/proton pumping for cyto-
chrome ba3 oxidase and cytochrome aa3 oxidase.
2. Materials and Methods
2.1. Growth and preparation of mutants
T. thermophilus ba3 oxidase was prepared [26,27] and the activities
were measured as in [24]. The two enzyme preparations displayed the
same behavior in the reported experiments and were therefore treated
as one in the analysis. Mutant sequences of T. thermophilus ba3 oxidase
were introduced using the QuikChange Site-Directed Mutagenesis kit
(Stratagene). The following primer sequences were applied:
W229Q CCCTTGGTCGCGCGCACCCTCTTCCAGTGGACG
W229H TTGGTCGCGCGCACCCTCTTCCACTGGACGG
Mutants in the P. denitriﬁcans aa3-type oxidase were generated and
the oxidase complex puriﬁed as in [28].
2.2. Stopped-ﬂow (SF) kinetic experiments
Pre-steady state kinetic experiments were performed with an
Applied Photophysics SX20 stopped-ﬂow spectrometer (dead time 2–
3 ms) with a 150 W Xe arc lamp and thermostatted syringes. The
setup was incubated with approximately 5 mM dithionite and thor-
oughly ﬂushed with anaerobic buffer to ensure anaerobicity of the sys-
tem. The enzyme samples were reduced with 10 mM ascorbate and
either 0.2 or 1 μM PES in an anaerobic chamber prior to loading in the
stopped-ﬂow apparatus using gastight Hamilton syringes. The enzyme
samples were mixed vs. oxygen-saturated buffer at 5 °C, 10 °C or
40 °C and data was collected between 2.5 ms and 1.26 s after mixing.The cytochrome ba3 concentration in the ﬁnal reaction mixture was
1–4 μM in 50mMTris-HCl pH 8 (200mMNaCl, 0.02% lauryl maltoside).
2.3. Microsecond freeze-hyperquenching (MHQ) experiments
Samples were reduced in an anaerobic chamber with 10 mM ascor-
bate and either 0.2 or 1 μM PES and loaded into the MHQ setup [21,29]
using a gastight Hamilton syringe. Samples were mixed vs. oxygen-
saturated buffer and the reaction was stopped by freeze-quenching
after reaction times ranging from~100 μs to ~20ms at 9± 2 °C. The fro-
zen powder was collected in liquid nitrogen and stored at cryo-
temperatures until further analysis. The ﬁnal cytochrome ba3 oxidase
concentration in the reaction mixture was ~75 μM in 50 mM Tris-HCl
pH 8 (200 mM NaCl, 0.02% lauryl maltoside).
2.4. Low-temperature UV-Vis spectral analysis
The UV-Vis optical spectra of the frozen powder samples were mea-
sured using an Olis DW2000 double beam spectrophotometer, ﬂushed
with cold nitrogen gas (−165 °C) to prevent reaction progress during
measurements. Cuvettes were prepared by injection of frozen powder
sample mixed with melting isopentane (−160 °C) into the pre-cooled
cell, followed by immediate freezing in liquid nitrogen. The spectra
were baseline- and scatter-corrected and normalized to the total area
of the γ-band [30]. Slight variations in spraying conditions and sample
handling cause a scatter of approximately ±10%.
2.5. X-band electron paramagnetic resonance spectroscopy (EPR)
TheMHQ frozen powderwas packed into an EPR tubewith a ﬁlter at
the bottom as described [30]. The tubes were kept in liquid nitrogen
during and after packing. EPR spectroscopy was performed on a Bruker
EC106 and sampleswere cooledwith a home-built He-ﬂow system [31].
2.6. Data analysis
Kinetic simulations were performed with an algorithm developed
in-house that numerically calculates up to 12 consecutive reversible
ﬁrst-order reactions and that runs under IGOR Pro (6.06). This calcula-
tion yields the overall time course of the formation and decay of enzyme
intermediate states. Calculated rate constants are accurate t ±20% of
the quoted values.
3. Results
3.1. Stopped-ﬂow experiments
As preparation for the MHQmeasurements, a stopped-ﬂow study of
the cytochrome ba3 oxidase was performed to observe the behavior of
the enzyme below room temperature (9 ± 2 °C in MHQ experiments).
The kinetics of heme b560 oxidation at 5 °C, 10 °C and 40 °C are displayed
in Fig. 1A. Particularly at the lowest temperature, 5 °C, the net oxidation
of heme b560 does not go to completion, as the reduction level of heme
b560 was never below ~35% in these measurements. The rate of the
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Fig. 1. Kinetic analysis of the oxidation of heme b560. (A) Kinetic traces of the oxidation of heme b560 in the reaction of fully reduced cytochrome ba3 oxidasewith oxygen, in the presence of
a reducing agent (asc/PES). The level of reduction is expressed relative to the reduction level of the heme b560 prior to mixing with oxygen (100%). Part of the oxidation of heme b560 was
not observed because it occurred in the dead time of the stopped ﬂow setup (~2.5 ms). The data are shown for the reaction at 40 °C (●), 10 °C (○) and 5 °C (+). Only the initial oxidation
phase, before the gradual onset of equilibrium, was used for the calculation of the rate of oxidation of heme b560. Calculated values for the rate of oxidation of heme b560 are 142 s−1 at 5 °C,
313 s−1 at 10 °C and 912 s−1 at 40 °C. (B) Arrhenius plot displaying the temperature dependence of the rate of heme b560 oxidation (●: stopped-ﬂow data;▲: MHQ data point (693 s−1
(see below) 9±2 °C);+: data from pulse radiolysis studies [16]). The activation energy of the oxidation of heme b560 that can be calculated from theﬁt through the pulse radiolysis data is
approximately 34 kJ/mol. The set of data acquired with the stopped-ﬂow apparatus yields an Ea of ~36 kJ/mol.
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Fig. 2. Low temperature UV-Vis spectra of samples obtainedwith theMHQ technique. The
frozen powder samples were mixed with cold isopentane and an aliquot of the mixture
was dispensed into a precooled cuvette that was kept at approximately−165 °C through-
out the optical measurement. The spectra shown here correspond to a range of reaction
times, startingwith theunreacted control (top spectrum, ‘t=0’, fully reduced cytochrome
ba3) and completing the series with the spectrum of fully oxidized cytochrome ba3
(bottom spectrum, ‘Ox’). The two reference spectra for fully reduced and fully oxidized cy-
tochrome ba3were collected frommanually prepared ‘static’ samples; all the other spectra
originate from samples after MHQ. Wavelengths of interest are indicated by dotted
vertical lines (heme b560 at 555.5 nm and oxoferryl heme a3 at 608.5 nm in the low-
temperature spectra).
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creasing temperature than the subsequent enzymatic steps, resulting
in a signiﬁcant reduction level of heme b560 during steady state turnover
at the lower temperatures.
An Arrhenius plot was constructed (Fig. 1B) from the observed ﬁrst-
order rate constants for oxidation of heme b560 at different tempera-
tures, as well as from the data published on the oxidation rate of heme
b560 in pulse radiolysis experiments [16]. Although the observed heme
b560 oxidation rates in the stopped-ﬂow experiments are approximately
twofold lower than the rates determined at the same temperature in the
pulse radiolysis experiments, our data (Ea ~ 36 kJ/mol; Fig. 1B) yield a
similar activation energy Ea for the oxidation of heme b560 as calculated
from the pulse radiolysis experiments (Ea ~ 34 kJ/mol).
3.2. Freeze-quench experiments
In order to study the oxidation reaction of reduced ba3 with molec-
ular oxygen at shorter times than possible with the stopped-ﬂow appa-
ratus, MHQ experiments were performed in the time interval between
74 μs and 21 ms at a reaction temperature of 9 ± 2 °C. An overview of
UV-Vis spectra of these samples is depicted in Fig. 2. The O—O bond
breaking reaction was not resolved since it is completed within ~15 μs
[2,3].
As was observed in the stopped-ﬂow experiments, the oxidation of
heme b560 in the MHQ experiments did not go to completion. This is
also reﬂected in the position of the Soret maximum at 415 nm in the
samples reacted for several milliseconds, whereas in the oxidized spec-
trum, the Soret peak resides at 413.5 nm. The α-band shifts from
608.5 nmat the shortest reaction times to 606.5 nmafter 700 μs, accom-
panied by a shift of the Soret band from 424 to 418 nm. The increase in
absorbance at 555.5 nm between 233 and 700 μs, which coincides with
a red shift of the Soret peak, indicates partial rereduction of heme b560 in
the early stages of the reaction. The reduced heme b560 transiently accu-
mulates before it oxidizes to the equilibrium reduction level (~25%).
Both the stopped-ﬂow and freeze-quench experiments (Figs. 1 and
2) show a considerable extent of reduction of heme b560 as the reaction
approaches equilibrium (20%–25% at 9± 2 °C). This high level of reduc-
tion after a single turnover was not observed for cytochrome aa3 oxi-
dase from P. denitriﬁcans [21]. The cytochrome aa3 oxidase convertsback to the pulsed oxidized state after 3 to 6ms in the presence of ascor-
bate and 0.5 μMPES. The partial rereduction between 233 and 700 μs of
heme b560 in cytochrome ba3 oxidase during oxidation has been ob-
served before in ﬂow-ﬂash experiments with and without CO [2,3,8]
The transient formation of the F state (between PR′ and OH) at 580 nm
was not observed in our data. The population of the F state is pH-depen-
dent and is very low for cytochrome ba3 oxidase at pH 8 [15] compared
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Fig. 4. Fits of the kinetics of the various redox centers of cytochrome ba3 oxidase upon
reduction of oxygen, based on the kinetic data from the MHQ (EPR) and stopped-ﬂow
(UV–Vis) experiments and on the reactionmodel above. See text for values of the rate con-
stants used. Depicted are the fractions of total (ranging from 0 to 1) of several reaction in-
termediates and of the reduction level of redox active centers in the time range between 0
and 100 ms. The simulation approaches a state with approximately 25% reduced heme
b560 and 75% fully oxidized enzyme, in correspondence with the observed spectra and
EPR data. Data and ﬁts from MHQ (9 ± 2 °C): Dark blue: reduction level of CuA; light
blue: fraction of completely reduced enzyme (R); black: fraction of total enzyme with
oxoferryl heme a3 (oxoferryl; PR/PR′/F); red: reduction level of heme b560 (b560); green:
fraction of completely oxidized enzyme (OH). Stopped-ﬂow data: Grey: Data for heme
b560 reduction at 560 nm at 5 °C (SF 5 °C; open triangles) and 10 °C (SF 10 °C; ﬁlled trian-
gles). Note that the early time points of the stopped-ﬂow data at 5 °C indicate a transient
reduction proﬁle for heme b560 as observed in the MHQ experiments, but at a later time
owing to the lower reaction temperature.
1096 A. Paulus et al. / Biochimica et Biophysica Acta 1847 (2015) 1093–1100to pH 10. At a pH closer to neutral, the F to OH transition of cytochrome
ba3 oxidase occurs at a much higher rate than the PR′ to F transition [15]
in contrast to cytochrome aa3 oxidase, where the F to OH transition is
much slower than the preceding step both at neutral and alkaline pH,
resulting in a signiﬁcant population of F [5,21].
The MHQ frozen powder samples were analyzed by X-band EPR
spectroscopy. The EPR spectra of all samples are depicted in Fig. 3. The
spectra show the oxidation of CuA. A small radical that is inherent to
the freeze-quench procedure (Fig. 3, top trace, ‘MHQ-radical’) and pos-
sibly due to the ascorbyl radical [32] is seen aswell. There is no evidence
for the formation of a Trp-radical intermediate from the strictly con-
served tryptophan in the ba3 oxidase (W229) as it has been previously
observed for the cytochrome aa3 oxidase [21,30]. In P. denitriﬁcans aa3
oxidase W272 is essential since the W272M and W272F mutants dis-
play no catalytic activity or proton pumping and there is no formation
of P or F intermediates upon reaction with hydrogen peroxide [33] or
with O2 (see Supplementary data, Figs. S1 and S2, for UV-Vis and EPR
spectra of kinetic experiments, kobs (O2) b 0.4 s−1). In contrast to the
P. denitriﬁcans aa3 oxidase mutations in the homologous W229 in the
ba3 cytochrome c oxidase (W229Q andW229H) retained approximate-
ly 25% of the steady state wild type activity [34]. Experiments to inves-
tigatewhether or not proton pumping in thismutantwas affected could
not be performed in view of the low yield of the mutant proteins.
The kinetic results from the optical and EPR spectroscopic analyses
were combined and ﬁtted to a single reaction model for the overall re-
action consisting of three consecutive transitions (Fig. 4), in which the
ﬁrst step constitutes both O2 binding and O—O bond breaking:
R→
k1
PR ↔
k2=−2
PR’→
k3
OH
with k1 ≥ 33,324 s−1, k2= 4621 s−1, k−2 = 3466 s−1 and k3= 693 s−1.
The simulation based on these rate constants ﬁts the data satisfacto-
rily for the ﬁrst 2–3ms. After that period, the net oxidation of heme b560
and the formation of OH cease since the system equilibrates to aFig. 3. Overview of the EPR spectra of the frozen powder samples of reduced cytochrome
ba3 oxidase reactingwith O2 for various times. Top trace ‘MHQ-radical’ calculated from the
difference spectrum of ‘Ox’ and ‘Ox-static’.temperature-dependent steady state with 20 ± 10% reduced heme
b560 due to the presence of excess reductant (see also Fig. 1).
The oxidation of CuA appears biphasic, with a fast and a slow phase
that correspond to a heme b560 reduction phase and a CuA-heme b560
equilibration phase, respectively. The internal equilibrium between
heme b560 and CuA is given by forward (k2) and reverse (k−2) rate con-
stants of 4621 s−1 and 3466 s−1 indicating a 7.5 (±5.8)mVhighermid-
point potential for heme b560 compared to CuA, contrast to earlier pulse
radiolysis studies [16], where a 16 mV lower midpoint potential for
heme b560 was reported. However, the sum of k−2 and k2 (8087 s−1),
which is kobs2 is nearly equal to the values of 8380 s−1 and 8500 s−1
for 5 °C and 10 °C, respectively, determined in [16].
The data and analysis shown in Fig. 4 are qualitatively similar to the
cytochrome ba3 oxidation kinetics reported in Fig. 2, Scheme5 and Fig. 5
in [2]. However, a more direct quantitative comparison cannot be made
in view of different experimental temperatures, our lower time resolu-
tion and a difference between our and the kinetic analysis in [2] in
which in particular the electron transfer between heme b560 and CuA
was calculated as an irreversible reaction.
4. Discussion
In this paper, the reaction between oxygen and reduced cytochrome
ba3 oxidase has been monitored by UV-Vis and EPR spectroscopy using
stopped-ﬂow and ultrafast freeze-quench methods. The experiments
show a clear transient oxidation of heme b560, in contrast to Type A
aa3 oxidases, where the biphasic oxidation of heme a is much less pro-
nounced [35]. In further contrast to TypeA oxidases, mutations inW229
(W272) rendered a 25% active enzyme instead of a completely
1097A. Paulus et al. / Biochimica et Biophysica Acta 1847 (2015) 1093–1100inactivated enzyme (Figs. S1 and S2), indicating that the conserved
tryptophan is not essential for activity in cytochrome ba3 oxidase. Final-
ly, no transient formation of a tryptophan radical from the conserved
W272 (W229), which in Type A oxidases is proposed to play a role in
proton pumping [21,22], was observed during the reaction of the wild
type cytochrome ba3 oxidase. In the following, we will ﬁrst discuss our
results in regard to the intramolecular electron transfer kinetics and
then focus on the question as to which electron/proton transfer
step(s) are limiting the overall rate in Type A and Type B oxidases
to ~1 ms.
4.1. Intramolecular electron transfer
The oxidation/reduction rates that we observe for heme b560 in
stopped-ﬂow experiments are approximately a factor of 2 lower than
observed in pulse radiolysis experimentswhile yielding a similar activa-
tion energy [9,16]. For the freeze experiments (Fig. 4) we calculate a
similar kobs2 (~8000/s) as in [16] but the individual values of k−2 and
k2 yield a 7.5 mV higher midpoint potential of heme b560 compared to
CuA whereas a value of 16 mV lower was previously observed [16].
Although these differencesmight be due to different experimental tech-
niques, the crucial difference is that the stopped-ﬂow and freeze-
quench experiments reported here were performed starting with the
reduced enzyme in reaction with O2, thus monitoring the oxidative
half-cycle of the reaction,whereas the pulse radiolysis studieswere per-
formed in the absence of oxygen, monitoring injection of a single elec-
tron, the initial step of the reductive half-cycle [16]. It thus appears
that the energy barrier to overcome for ET between heme b560 and
heme a3 is approximately the same in both half-cycles and is not affect-
ed by the reduction and/or ligand state of the binuclear center or that of
other redox centers. The different values for the differences in midpoint
potential between of heme b560 and CuA can be due to dissimilar elec-
trostatic effects on the redox centers in oxidized enzyme and fully re-
duced or partly reduced enzyme present during the reaction.
The transfer of the ﬁrst electron from heme b560 to heme a3
(N33,000 s−1) in the oxidative phase ismuch faster than that of the sec-
ond electron (693 s−1), while the rate of ET between CuA and heme b560
is intermediate (~4000 s−1; Fig. 5). These speciﬁc rate constants pro-
duce the observed transient oxidation/rereduction of the heme b560
(Figs. 1 and 4), which has been described before in the literature [2,8].
The observation of the very rapid initial electron transfer from heme
b560 upon O2 binding has led to the idea [8] that the rapid initial ET
from heme b560 may constitute a donation of the fourth electron to
the active site for O—O bond splitting without the need for formation
of a Tyr radical (PM; Fig. 5). However, the oxidation of heme a in
cytochrome aa3 oxidase is also transient [35], but less extensive due to
different relative rate constants for heme a oxidation/reduction com-
pared to heme b560, and the transient oxidation of heme a is more difﬁ-
cult to observe due to spectral overlap with heme a3. More speciﬁcally,
the rates of O2 binding and O—O bond splitting are approximately 10
times faster in cytochrome ba3 oxidase (109 M-1 s−1 and 4.8 μs, respec-
tively) than in cytochrome aa3 oxidase [2,3]. Owing to the short edge-
to-edge distance of ~5 Å, electron transfer between heme b(a) and
heme a3 is intrinsically very fast (within ~1 ns, or with 109 s−1 [36]).
As a consequence, the oxidation of heme b560 occurs immediately
after O—O bond splitting and is almost complete after 10–20 μs, in
which step the Tyr* is reduced. In cytochrome aa3 oxidase, the oxidation
of heme a is slower because the O—O bond splitting takes ~40 μs [3,35],
and the transient heme a kinetics are less resolved because the rate of
equilibration between CuA and heme a (~60 μs) occur at the same
time scale as O—O bond splitting. For these reasons, the transient oxida-
tion/rereduction of the heme b560, but not of heme a, is simply a direct
consequence of the different kinetic constants in cytochrome ba3 oxi-
dase and cytochrome aa3 oxidase; there is no indication that themech-
anism of O—O bond splitting would be different in Type A oxidases. In
addition, we propose that the intermediate PM that contains thetyrosine radical is a genuine intermediate irrespective of whether the
oxidative half-cycle is initiated from the two-electron or four-electron
reduced enzyme. The ~1 ns rate of electron transfer from heme b(a)
to the binuclear center simply prevents the accumulation and detection
of PM and a Tyr*whenmore than two electrons are present [36]. In sum-
mary, the experimentally observed oxidation rates of heme b(a) during
the oxidative half-cycle are gated by the rates of O2 binding, of O—O
bond splitting and by the CuA/heme b(a) equilibration rate. The next
question is, which process gates the slowest heme b(a) oxidation
phase that occurs between PR′ and OH with ~1 × 103 s−1 (τ ~ 1 ms)
and which constitutes the major rate-limiting step of the overall reac-
tion in both Type A and Type B oxidases, because their maximal turn-
over rates are all close to ~250 O2 per second [7,21,34,37,38].
4.2. Rate-limiting step
A model for catalysis and proton pumping in cytochrome ba3
oxidase was published recently [4,15] where proton uptake and release
are part of different reaction steps. The uptake and release of protons
are therefore observed separately, in contrast to the Type A oxidases
where the proton uptake and release occur simultaneously [4–7,10,
39] (Fig. 5). Another difference to the Type A oxidases is that in the cy-
tochrome ba3 oxidase the F state (580 nm) only accumulates at alkaline
pH (~10 [4,8]) due to the relatively fast F ➔ OH transition. Our
data acquired at pH 8 (Fig. 2) are consistent with the apparent absence
of F [2,4,8].
Based upon our kinetic analysis of the oxidation of cytochrome ba3
oxidase, we ascribe the RLS (τ ~ 1 ms) to a process occurring between
PR′ and OH. Since the F state was not observed, we conclude that it
was poorly populated and that the formation of F from PR′ at pH 8 is
slow relative to the F ➔ OH transition [15]. We therefore propose that
theRLS in cytochrome ba3 oxidase is in fact the PR′ to F transition, in con-
trast to the cytochrome aa3 oxidase from P. denitriﬁcans, where the RLS
was assigned to the F➔ OH transition [21,22], speciﬁcally to the forma-
tion of FW⁎ from F. The rate of the electron and proton transfer from
W272 to heme a3, producing the Trp neutral radical (W272*), was cal-
culated at 580 s−1 (at 10 °C) and proposed as the major RLS in cyto-
chrome aa3 oxidase [21,22]. In the cytochrome ba3 oxidase, however,
we observed no kinetically relevant protein radicals between PR′ and F
or between F and OH. The absence of a Trp radical in cytochrome ba3 ox-
idase may directly be related to its lower proton pumping stoichiome-
try. By donating the proton to form the heme a3 Fe3+-OH− state in
cytochrome aa3 oxidase, the W272 makes the proton that is taken up
from the proton conducting channel available for pumping [21,22]. Al-
though we could not assess the proton-pumping capacity of the W229
mutant, the ﬁnding that mutation of this residue yields an enzyme
that retains 25% of the wild type activity, whereas the equivalent muta-
tion in cytochrome aa3 oxidase completely inactivates the enzyme
(Supplementary data) suggests different roles for these conserved tryp-
tophan residues in the two classes of oxidases.We have previously pro-
posed that in Type A oxidases, the tryptophan residue is involved in
redox-linked proton pumping [21,22]. The apparent absence of oxida-
tion/reduction activity of the W229 residue in the cytochrome ba3 oxi-
dase during oxygen reduction provides a basis for the lower proton-
pumping capacity of the Type B oxidases compared to the type A
oxidases.
We propose that the proton uptake from the negative side of the
membrane that occurs during the PR′ to F transition comprises the
rate-limiting step in cytochrome ba3 oxidase. In our experiments, we
cannot monitor protonation. Thus, the proton taken up in PR′➔ F may
either be transferred to the PLS, or it may be used to reprotonate the
tyrosinate, depending on the fate of the proton taken up between PR
and PR′ in cytochrome ba3 oxidase (Fig. 5). If we make the comparison
to the cytochrome aa3 oxidase, the formation ofW272* is found to coin-
cide with proton uptake to the PLS, without reprotonation of the
tyrosinate (the reprotonation of YO– is usually placed before F [8,40]
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it is proton uptake to the PLS that limits the reaction rate of both cyto-
chrome ba3 oxidase and cytochrome aa3 oxidase, albeit at different
points in their catalytic cycles.
5. Concluding remarks
Weconclude that the observed differences in electron transfer kinet-
ics between Type A and Type B oxidases, such as transient heme b560
oxidation/reduction, are merely a reﬂection of their different rate con-
stants for intramolecular electron transfer and oxygen binding and do
not imply the formation of different intermediate electronic states. Al-
though the rate-limiting step in the oxidative part of the catalytic
cycle occurs at different points in the reactions of cytochrome ba3 oxi-
dase (in the PR′ to F transition) and cytochrome aa3 oxidase (in the F
to OH transition), we propose that the actual rate-determining step is
proton uptake to the PLS in both oxidases and that this event constitutes
the major rate-determining step in steady state oxidation.
Cytochrome ba3 oxidase has repeatedly been reported to pump
fewer protons/cycle than cytochrome aa3 oxidase, and this has been
suggested to be due to the presence of just a single proton transfer path-
way in the former [25]. Based on the results presented here, we ascribe
the lower pumping efﬁciency to the lack of redox activity of the W229
residue in the cytochrome ba3 oxidase under turnover conditions. We
suggest that speciﬁc properties of the D-proton pathway in Type A oxi-
dases enable the conserved tryptophan residue (W272) to become
redox active and assist in proton pumping.
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